(Received October 17, 2001) Improvement in efficiency of CO2 exhaust reduction and in reduction of harmful exhaust gas from automotives is now in demanded. For further reduction of NOx, fuel reformulation is necessary in addition to improving engine technology and improving after-treatment technology.
Various additives are used in both gasoline and diesel fuel to meet environmental regulations and to improve performance. A change in the composition of the exhaust gases resulting from using fuel additives will change the impact of exhaust gases on atmospheric environment.
In this study, a products model, which consists of the equilibrium calculation and the reaction calculation, was established to predict the change in the combustion products by addition of gasoline additives. As a result, the concentration of CO, CO2, and NO were decreased by addition of oxygenates and increased by addition of a nitrous compound. However, because of the magnitude of the changes in the products due to the additives is small, effects of the oxygenates on the atmosphere would be also small since the products are removed with a three-way catalyst with an equivalence ratio of 1.0. The characteristics of the additives which affect the change in emissions were investigated by comparing the contribution of these factors to the emissions. It is shown that the C/H ratio and the enthalpy of formation of the additives affect the change in the emissions. As the range of enthalpy of formation of the actual additives is restricted and limited, especially among the compounds with similar compositions,
Introduction
Exhaust emissions from combustion systems such as automobiles have had a significant impact on the atmospheric environment.
Carbon dioxide (CO2), carbon monoxide (CO), hydrocarbon (HC), and nitrogen oxide (NOx) are directly emitted from their engines. HC and NOx produce secondary pollutants via photochemical reactions taking place in the atmosphere. Thus, improvement in efficiency of CO2 exhaust reduction and reduction of harmful exhaust gas in such combustion system are now in demand. Especially, in large cities, the reduction of NOx emission is desired. For the further reduction of NOx, fuel reformulation is necessary in addition to the improvement of both engine and after-treatment technologies.
Various additives are used in gasoline and diesel fuel to meet environmental regulations and to improve performance.
Changes in the composition of exhaust gases by fuel additives will change the impact of the gases on the atmospheric environment. To better understanding the effects of fuel additives on the exhaust gas, for developing an advanced combustion system, simulation technology of engine combustion is indispensable. In particular, as the addition of oxygenates, except for MTBE, to gasoline has become required in the US, an evaluation method for the impact of fuel additives on atmospheric environment is expected. Many models of spark ignition (SI) engines are presented. Raine However, NOx emissions showed slight changes in the content of MTBE as it increased up to 15%.
Furey and King evaluated evaporative and the exhaust emissions from cars fueled by gasoline containing ethanol or MTBE6). Evaporative emissions were increased significantly by their addition, while the exhaust HC, CO, and NOx emissions from a car without a closedloop fuel control were significantly lowered fuel than with gasoline. Douthit et al. studied the performance features of 15% MTBE/ gasoline blends, CO, and HC emissions that decreased but there was mostly a little to no change noted for the NOx emissions7).
Though many studies are presented, the studies on the modeling of combustion in SI engines are limited to fuels of simple composition.
Also, the characteristics of fuel additives which influence the atmospheric environment have not yet been theoretically clarified. Thus, it is important to establish a technique to predict the combustion products of a complex fuel containing fuel additives and to determine additive characteristics, which affect the emissions.
The purpose of this study is to estimate the CO, CO2, and NOx emissions from a gasoline engine, accompanied by changes in the fuel composition.
In this study, the emission prediction model, which consists of both equilibrium reaction calculations, was established in order to investigate the effects of fuel additives on the emissions. Figure  1 shows the calculation model established in Table  1 Engine Specifications  Table  2 Rate Constants of the Expanded Zeldovich Mechanism exp(-E/RT). 2) Units are mol, cm3, sec, Kelvin and J/mol. this study.
i) The combustion chamber is filled with a fuel-air mixPressure and temperature at this point are 1atm and 350K, respectively. The fuel-air mixture is stoichiometric (equivalence ratio: 1.0). ii) After adiabatic compression, the fuel-air mixture is ignited at top dead center (TDC). As the oxidation reactions of the hydrocarbon can be considered to proceed instantly, the concentrations of products at this time are calculated using the equilibrium calculation (CEC 18) with constant-volume conditions. iii) During the expansion process, NO is produced via the expanded Zeldovich mechanism, and the timeresolved profile of the NO concentration in this process is calculated by SENKIN9)-11). The results from the equilibrium calculation are considered as the initial data, and the change in the cylinder volume accompanied with motion of the piston is considered as the calculation conditions. iv) The gas in the cylinder is exhausted at BDC regarded as the NO emissions.
In this model, it is possible to estimate the effect of fuels of complex composition by utilization of the equilibrium calculation for fuel oxidation.
As for NO simulation, by the consideration of the change in volume by motion of the piston in the expansion period and introduction of the function of volume to the kinetic calculation, it is possible to simulate the expansion period of the engine and the NO formation precisely.
2.2.
Gasoline Additives Methyl-t-butyl ether (MTBE), ethyl-t-butyl ether (ETBE), methanol and ethanol were selected as the oxygenates. These are typical gasoline additives used as octane improvers. N,N-di-s-butyl-p-phenylenediamine (C14H24N2), which is a typical fuel oxidation inhibitor additive, was selected as the nitrous compound. The properties of these compounds are shown in Table 3 . The enthalpy of formation of the additives are calculated by THERM12),13) Figure 2 shows the effects of the oxygenates on the emissions. Figure  2 indicates that the concentrations of CO, CO2 and NO were decreased by addition of the oxygenates. As this tendency is qualitatively similar to the experimental data4)-7), the estimation of the com- It is reported that the air-fuel ratio becomes lean accompanied with the addition of the oxygenates in actual gasoline engines, especially in classical engines, because the feedback control of air-fuel ratio is difficult, which results in the reduction of CO emission. However, as the prediction model in this study simulates the condition in which the feedback control of air-fuel ratio is completely performed, the air-fuel ratio is always fixed with its equivalence ratio as 1.0. Then the amount of reduction of CO predicted in this model would be smaller than that of experiment. Also, the prediction of emissions by this method can consider only the chemical characteristics of the fuel (composition and thermal property), and not the physical characteristics of the fuel (density and viscosity). Though the physical characteristics of the fuel influence the combustion conditions such as the flammability of the fuel, this prediction model cannot consider the change of the combustion conditions.
Results and Discussion

Effects of Fuel Additives on Emissions
As the quantity of change in the products with the addition is small, the effects of the oxygenates on the atmosphere would also be small because the products are removed by a threeway catalyst with an equivalence ratio of 1.0. Figure 3 shows the effects of a nitrous compound on the emissions.
Contrary to the results of the oxygenates, the concentrations of CO, CO2 and NO increased with its addition. In this case, the change in the quantity is very small because the quantity of the nitrous compound added is very small. Thus the influence of the nitrous compound on the atmospheric environment is thought to be extremely small. However, the change in the products per amount of the nitrous compound added is larger than by the oxygenates.
This difference in the tendency will be investigated in the next section.
3.2.
Investigation of the Factors Contributing to the Emissions The characteristics of the fuel additives which affect this calculation were the composition of the additives (oxygen or nitrogen contents ratio, C/H ratio) and enthalpy of formation.
The characteristic of the additives which affect the change in the emissions was investigated by comparing the contribution of these factors to the emissions. 3.2.1.
Oxygen and Nitrogen Contents Ratio To investigate the effect of oxygen and nitrogen contents ratio of the additives on the emissions, the calculation in which the oxygen and nitrogen contents ratio of additives were varied (C8H18NxOy: x, y=0-3) was performed with the enthalpy of formation of the addiand the quantity of addition to the model gasoline fuel (5.0mol%) fixed. Figure 4 shows the effects of the oxygen and nitrogen contents ratio on the emissions. Figure 4 indicates that the effect of the oxygen and nitrogen contents ratio on the emissions is low. 3.2.2.
C/H Ratio To investigate the effect of the C/H ratio of the additives on the emissions, the calculation in which the C/H ratio of the additives was varied was performed with kJ/mol: equal to that of isooctane) and the quantity of addition to the model gasoline fuel (5.0mol%) fixed. The additives considered in this calculation are ideal compounds, the compositions of which are C5H12, C8H18, C14H24, C16H22 and C17H18, respectively. The addition of C8H18 means that there is no addition. Figure 5 indicates that the CO, CO2 and NO emissions became higher with a higher C/H ratio. The increase in CO will originate from the higher adiabatic flame temperature, and the increase in CO2 will originate from the increase in the contents ratio of carbon in the fuel-air mixture.
Also, the increase in NO will originate from the increase in the initial temperature in the kinetic calculation, which attributed to the higher adiabatic flame temperature.
2. Enthalpy of Formation
To investigate the effect of the enthalpy of formation of the additives on the emissions, calculation in which the enthalpy of formation of the additives was varied was performed with the composition of the additives (MTBE; C5H12O) and the quantity of the addition to the From these results, the characteristics of the gasoline additives affecting the change in the emissions would be the C/H ratio and enthalpy of formation. Considering that the range of the enthalpy of formation of the additives is narrow, the most effective property of the additives on the products would be the C/H ratio.
Conclusions
In this study, a products prediction model, which consists of the equilibrium calculation and the reaction calculation, was established in order to predict the change in the combustion products with the addition of gasoline additives.
The results showed that the concentrations of CO, CO2, and NO decreased with the addition of oxygenates and increased with the addition of the nitrous compound.
However, as the quantity of change of the products due to the addition is small, especially for a small amount of additive, such as the nitrous compound, the effects of gasoline additives on the atmosphere would be small, because the products are removed by a three-way catalyst with an equivalence ratio of 1.0. The characteristics of the additives which affect the change in the emissions were investigated by comparing the contribution of these factors to the emissions.
It was shown that the C/H ratio and the enthalpy of formation of the additives do affect the emissions. As the range of the enthalpy of formation of the actual additives involved is narrow, especially among the compounds with similar composition, the C/H ratio would be the most influential. Based on these results, it can be said that fuel additives with a smaller C/H ratio would reduce the CO, CO2 and NOx emissions. 
